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Detergent solubilitySphingomyelins (SMs) are order-imposing phospholipids in cell membranes which interact favorably with
cholesterol. The hydrophobic part of SM constitutes a long-chain base with an amide-linked acyl chain,
whereas the polar head group is phosphocholine. The long-chain base has a free hydroxyl group in position
3, which is an important donor/acceptor in hydrogen bonding. In newborn mammals, a SM in which a palmi-
tic acid is esteriﬁed to the 3-OH has been reported. We have synthesized this SM analog (3O-P-PSM) and
studied its properties in bilayer membranes, and also determined its interactions with cholesterol. Fully hy-
drated 3O-P-PSM bilayers underwent a gel-to-liquid crystalline phase transition at 55.5 °C (ΔH 8 kcal/mol),
which is about 15 °C higher than the phase transition temperature of PSM. The 3O-P-PSM displayed rather
poor miscibility with PSM in mixed bilayers, suggesting that the third acyl chain interfered signiﬁcantly
with lateral interactions. Bilayers made from 3O-P-PSM were much more resistant to detergent-induced
solubilization than bilayers made from PSM. In binary bilayers, cholesterol was able to destabilize the gel
phase, and order the ﬂuid phase of 3O-P-PSM, in a concentration-dependent manner. Cholesterol was also
able to form sterol-enriched ordered domains with 3O-P-PSM in ﬂuid POPC bilayers. The interaction
between cholesterol and 3O-P-PSM was not, however, as favorable as the interaction between cholesterol
and PSM. It is unclear what physiological role 3O-P-PSM could play in newborn mammalian membranes.
However, it is clear that 3O-P-PSM will form more highly ordered domains than PSM while still having a
limited ability to interact with cholesterol.toyl-D-erythro-sphingomyelin;
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Sphingolipids are important membrane constituents in a variety
of cells. They differ from membrane glycerophospholipids both in
their hydrophobic part, and in their head group structure. Whereas
glycerophospholipids have glycerol as their backbone, to which two
acyl chains are esteriﬁed, sphingolipids have as their hydrophobic
part a long-chain base to which an amide-linked acyl chain is linked
[1]. The acyl chains of sphingolipids are often longer and more satu-
rated than the ones found in glycerophospholipids [2,3]. The mostly
saturated acyl chains of sphingolipids make them more ordered in
membranes than other membrane phospholipids [4]. The long-chainbase (most often D-erythro-2-amino-trans-4-octadecene-1,3-diol, or
sphingosine) has important functional groups which acts both as do-
nors and acceptors in hydrogen bonding [5]. This contrasts with the
carbonyl ester groups of glycerophospholipids which only can func-
tion as acceptors in hydrogen bonding. Hydrogen bonding is known
to be important both for intra- and interlipid interactions [6,7].
The polar head groups of sphingolipids include simple (glucose or
galactose in cerebrosides) or complex sugars with acidic functions (sul-
fatides and gangliosides) [8–10]. In mammalian glycerophospholipids
sugars are rare, and head groups instead comprise a phosphate group
to which alcohols or amino acids are linked. Interestingly, both phos-
phatidylcholine (PC) and sphingomyelin (SM) share a common head
group (phosphocholine), despite the fact that their hydrophobic por-
tion is different.
PCs and SMs are abundant phospholipids in the outer leaﬂet of plasma
membranes [11]. Their membrane properties are modulated by choles-
terol [12], which also is enriched in the same membrane compartment.
Although cholesterol can interact with both PCs and SMs, recent studies
show unequivocally that cholesterol prefers to interact with SMs over
PCs [13]. This preferential interaction appears to be stabilized by hydro-
gen bonding. The interaction of cholesterol with plasma membrane SM
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golipid-enriched ordered domains [14–16]. In cell membranes, such cho-
lesterol and sphingolipid-enriched domains are called lipid rafts, and are
believed to be important platforms for various cell signaling pathways
originating from the cell membrane [17,18].
Evolution has producedmanymolecular species of SMswhich appar-
ently are needed for a plethora of different function in cells. The long-
chain base can vary in length (often between C17 and C20) and is com-
monly monounsaturated (trans double bond between carbons 4 and 5)
but can also be fully saturated (in e.g., dihydrosphingomyelins) [19]. It
can also be branched or hydroxylated (an additional OH on carbon 4 in
phytosphingomyelin) [20,21]. The amide-linked acyl chains vary in
length (commonly 14 to 26 carbons) and can also be branched or hy-
droxylated [22,23]. The acyl chains are often saturated but amonounsat-
urated 24:1 chain is also common (with a cis double bond between
carbons 15 and 16) [2]. The membrane properties of some of these mo-
lecular species of SMs have been studied over the years [24–28]. The bi-
ological signiﬁcance of all the different SM species present in cells is still
not fully understood.
A peculiar molecular species of SM has been observed in plasma of
newborn humans and pigs. This molecule has a palmitic or stearic
acid esteriﬁed to the hydroxyl group on carbon 3 in the long-chain
base (for a structure, please refer to Scheme 1) [29]. The biological func-
tion of the 3O-acylated SM is unknown, and it appears to disappear
from plasma a fewweeks after birth. We have in this study synthesized
3O-palmitoyl PSM and studied its bilayer properties in simple andmore
complex membrane systems. Our results show that 3O-P-PSM, in the
absence of signiﬁcant levels of membrane cholesterol, forms a gel
phase in membranes even at physiological temperature. However, to-
gether with cholesterol, 3O-P-PSM appears to form a liquid ordered
phase in ternary bilayermembranes. Despite this, it appeared that its in-
teraction with cholesterol was not as favorable as that of PSM.O
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Scheme 1. Molecular drawing of 3O-palmitoyl-N-palmitoyl-D-erythro-sphingomyelin.2. Materials and methods
2.1. Materials
High purity POPC and egg SM (99%+) was purchased from Avanti
Polar Lipids (Alabaster, AL, USA) and used without further puriﬁcation.
PSMwas isolated to 99%purity fromegg SMasdescribed [30]. Cholesterol
(99% pure), Triton X-100 and mβCD were from Sigma Chemicals (St.
Louis, MO, USA). (7-Doxyl)-stearic acid was obtained from TCI (TCI
Europe N.V., Belgium) and was used for the synthesis of 7SLPC [30].
Stock solutions of lipids were prepared in methanol/hexane (9:1 by
vol), and kept at −20 °C. All lipid solutions were taken to ambient
temperature before use. The concentration of all phospholipid solutions
was determined by phosphate assay [31] subsequent to total digestion
by perchloric acid.
CTLwas synthesized and puriﬁed as described [32,33]. DPHwaspur-
chased from Molecular Probes (Leiden, the Netherlands). c-Laurdan
was kindly provided by Professor Bong Rae Cho (Department of Chem-
istry and Center for Electro- and Photo-Responsive Molecules, Korea
University 1-Anamdong, Seoul, 136–701 Korea) and synthesized as de-
scribed elsewhere [34]. Fluorescent probes were stored under argon in
the dark at−87 °C until dissolved in argon-purged ethanol (for CTL) or
methanol (for DPH, c-laurdan). The concentration of stock solutions of
the ﬂuorophores was determined with spectroscopy using their molar
absorption coefﬁcients (ε) values: 11 250 M−1 cm−1 at 324 nm for
CTL, 88,000 M−1 cm−1 at 350 nm for DPH, and 20,000 M−1 cm−1 at
365 nm for c-laurdan. Stock solutions of ﬂuorescent reporter molecules
were stored at−20 °C and used within a week. Water was puriﬁed by
reverse osmosis followed by passage through a Millipore UF Plus water
puriﬁcation system having ﬁnal resistivity of 18.2 MΩ cm.
2.2. Synthesis of 3O-P-PSM
Dry PSM (10 μmol) and palmitic anhydride (30 μmol) were reacted
in anhydrous chloroform (0.3 ml) in the presence of DMAP (30 μmol)
for 15 h. The solvent was removed and the sample was re-dissolved in
2 ml methanol. 3O-P-PSM was isolated by preparative HPLC (Supelco
Discovery C18-column, dimensions 250×21.2 mm, 5 micron particle
size, with 87% methanol and 13% n-hexane as the mobile phase at
9 ml/min ﬂow). The product eluted around 25 min (retention factor
3.17). With electrospray ionization-mass spectrometry, the molecular
ionwas found at 963.9 (M+sodium adduct). Themolecular ion decom-
posed into the followingmajor fragments: 904.8, 780.8, 707.6 and648.5.
The yield of 3O-P-PSMwas about 5 μmol (i.e., 50% based on PSM starting
material). Several repetitive syntheses were made as needed.
2.3. Preparation of vesicles
Lipid vesicles used in the studywere prepared as described previously
[35], to a lipid concentration of 1–1.4 mMforDSC studies, 0.050–0.25 mM
for ﬂuorescence studies, and to 0.25 mM for the detergent solubilization
assay. Vesicles were prepared by probe sonication (sonicated for 2 min
10% duty cycle 5W power output with a Branson W-450 sonicator
(Branson Ultrasonics Corporation, CT, USA) unless otherwise indicated.
The mild sonication yielded polydisperse and mostly multilamellar
vesicles, as determined using a Malvern zeta-sizer instrument [36].
2.4. Differential scanning calorimetry
To compare the Tm and melting enthalpy of 3O-P-PSM and PSM, and
measure the miscibility of 3O-P-PSM in PSM, various bilayer composi-
tions (at 1 mMﬁnal concentration)were analyzed byDSC on aVPDSC in-
strument (Microcal, Northampton, MA, USA) with a temperature
gradient of 1 °C/min between 20 and 60 °C. Data analysis was performed
withOrigin software. The samples studiedwere pure PSMand3O-P-PSM
bilayers, and mixed bilayers of PSM with 10–50 mol% of 3O-P-PSM. At
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Fig. 1. DSC analysis of the Tm of fully hydrated 3O-P-PSM and PSM bilayers, and of their
mutual miscibility. The thermogram shows the gel-to-liquid crystalline phase transition
of pure 3O-P-PSM or PSM, and of mixtures containing both SMs. Trace 1 is for pure PSM,
2 for 10 mol% 3O-P-PSM in PSM, 3 for 20 mol%, 4 for 30 mol%, 5 for 40 mol%, and 6 for
50 mol% 3O-P-PSM in PSM, respectively. Trace 7 is pure 3O-P-PSM. The temperature
gradient was 1 °C/min, and the second heating scan is shown from representative
samples.
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served the repeated heating (and cooling) thermograms to be essentially
identical in shape. Thermograms shown in theﬁgures are secondheating
scans and only a partial temperature window is shown for each sample.
Tm-values for thermograms (transitionmidpoints) are given by the DSC-
module of the Microcal Origin software.
To study the effect of cholesterol on themain transition enthalpy and
temperature of 3O-P-PSM, sampleswere prepared to contain 0–50 mol%
cholesterol (1.4 mM 3O-P-PSM concentration). Analysis was per-
formed on a VPDSC instrument (Microcal) with a temperature gradi-
ent of 1 °C/min between 30 and 70 °C. Data analysis was performed
with Origin software. The second cooling scan is shown.
2.5. c-Laurdan emission spectra
The multilamellar bilayer vesicles were prepared as described earlier
with 1 mol% of c-laurdan. c-Laurdan was excited at 385 nm and the
emission spectra were detected at 5 °C below and above the melting
temperature of PSM or 3O-P-PSM between 400 and 550 nm on a PTI
QuantaMaster-3 spectroﬂuorometer working in the T-format. The emis-
sion and excitations slits were set to 5 nm and the temperaturewas con-
trolled by a Peltier element with a temperature probe submerged in the
samples. The temperature resolution of the temperature probe was ±
0.1 °C. The samples were constantly stirred during measurement.
2.6. Detergent solubilization assay
Light scatteringwas used to determine how the detergent/lipid ratio
affected solubilization of PSM or 3O-P-PSM vesicles to mixed micelles
by Triton X-100. These experiments were carried out by injecting 5 μl
aliquots of 5 mM Triton X-100 into 0.25 mM vesicle solutions at 25 °C.
The light scattering was measured with both excitation and emission
monochromators set to 300 nm. The degree of solubilization was
assessed from the changes in light scattering.
2.7. Life-time analysis of trans-parinaric acid
The life-time analysis of tPA in POPC vesicles containing increasing
amounts of either PSM or 3O-P-PSM vesicles was determined using a
PicoQuant Fluotime 200 instrument (PicoQuant GmbH, Berlin, Germany).
A PLS300 led laser (298 nm) was used for excitation. Analysis was
performed with sonicated multilamellar vesicles (100:0.5 lipid:tPA
molar ratio) at 23 °C. Data analysis was performed using PicoQuant
FluoFit software.
2.8. Determination of steady-state DPH anisotropy
The steady-state ﬂuorescence anisotropy of DPH was measured on a
PTI Quanta-Master spectroﬂuorometer (Photon Technology Internation-
al, Inc. NJ, USA) operating in the T-format, essentially following the proce-
dure described in [25]. Brieﬂy, the compositions of the vesicles studied
were 3O-P-PSM and a varying concentration of cholesterol (10, 20,
30 mol%) using 1 mol%DPH. Thewave lengths of excitation and emission
were 360 nm and 430 nm, respectively. The steady state anisotropy was
calculated as described in [37]. The temperature gradient was 5 °C/min.
Tm-values extracted from the DPH anisotropy experiments were taken
as the temperature of the midpoint anisotropy change (between start
of the cooperative transition and the end of it).
2.9. CTL ﬂuorescence quenching measurements
The ﬂuorescence quenching of the CTL by the quencher 7SLPC was
measured on a PTI Quanta-Master spectroﬂuorometer to observe the
melting of ordered domains in the vesicles [35]. The excitation and emis-
sion slits were set to 5 nm and the temperature was ramped from 10 °C
to 70 °C with a rate of 5 °C/min. Measurement of the temperature ofthe samplewas registered by a submerged temperature probewith a res-
olution of ±0.1 °C. Wave lengths for excitation and emission were
324 nm and 374 nm, respectively. The F0 (unquenched) samples were
prepared with 60 mol% POPC, 10 mol% cholesterol (including 1 mol%
CTL) and 30 mol% of either PSM or 3O-P-PSM. The F (quenched) sample
was identical to the F0 sample with the exception of 30 mol% of POPC
being substituted with the same amount of 7SLPC. The ﬂuorescence in-
tensity in the F-sample was divided by the ﬂuorescence intensity of the
F0-sample giving the fraction of non-quenched CTL ﬂuorescence plotted
versus the temperature.
2.10. CTL partitioning assay
The distribution of CTL betweenmβCDand extruded large unilamel-
lar phospholipid vesicleswas determined as described in [38]. The assay
yields themolar fraction partition coefﬁcient, Kx, for CTL. A high Kx indi-
cates a higher afﬁnity of CTL for the bilayer as compared to mβCD.
3. Results
3.1. Properties of 3O-P-PSM in bilayers
To determine the gel-to-liquid crystalline transition temperature
(Tm) and melting enthalpy or fully hydrated 3O-P-PSM bilayers, and
to study miscibility of 3O-P-PSM in PSM bilayers, DSC analysis was un-
dertaken. The Tm of 3O-P-PSM bilayers was found at 55.5 °C (Fig. 1)
with a melting enthalpy of about 8 kcal/mol. The corresponding values
for hydrated PSM bilayers were 40.6 °C and 5.7 kcal/mol (Fig. 1 and
[39–41]). The cooperativity of melting appeared to be slightly lower
for 3O-P-PSM as compared to PSM (peak width at half height 0.503 °C
for PSM and 0.559 °C for 3O-P-PSM).Miscibility of 3O-P-PSM in PSM bi-
layers was poor, as the binary bilayers gave rise to broad endotherms
with at least two components melting over a fairly broad temperature
interval (deconvolution not shown; Fig. 1).
The higher Tm of 3O-P-PSM suggests that bilayers made from it are
more condensed that comparable bilayers made from PSM at a given
temperature. In order to determine how a third acyl chain in PSM affect-
ed interfacial properties of the bilayers, we measured the c-laurdan
emission proﬁle in pure SM analog bilayers (Fig. 2). To obtain compara-
ble results between 3O-P-PSM and PSM bilayers, temperatures were se-
lected to be 5° below or above themelting temperature of the respective
SM. The c-laurdan emission from gel phase 3O-P-PSM bilayers was very
blue-shifted, indicating a lower degree of hydration of the interface as
Fig. 2. c-Laurdan emission spectra from 3O-P-PSM or PSM bilayers 5 °C below or above
their respective Tm. PSM bilayers were analyzed at 36 and 46 °C, respectively, whereas
the corresponding temperatures for 3O-P-PSM bilayers were 51 and 61 °C.
Fig. 4. Gel phase formation in POPC bilayers containing increasing amounts of 3O-P-PSM
or PSM at 23 °C. The vesicles were prepared to contain 0.5 mol% tPA and the intensity-
based average life-time was determined as a function of SM content in the POPC bilayer.
Gel phase formation is indicated by increasing average life-time of tPA.
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the ﬂuid phase, c-laurdan reported similar hydration for 3O-P-PSM and
PSM bilayers (Fig. 2).
At room temperature, PSM in its gel phase is solubilized by deter-
gent [35]. However, the presence of cholesterol (at e.g., 30 mol%)
makes the PSM bilayers highly resistant to detergent-induced solubili-
zation [35]. To examine the propensity of 3O-P-PSM bilayers (with
and without cholesterol) to be solubilized by detergent, we treated
3O-P-PSM bilayers with Triton X-100 (TX100) and measured the con-
version of bilayer vesicles into mixed micelles by light scattering analy-
sis. We found the 3O-P-PSM bilayers to be highly resistant to TX100
solubilization even in the absence of cholesterol (Fig. 3). The presence
of 30 mol% cholesterol in 3O-P-PSMbilayers did further affect detergent
susceptibility (up to a D/L ratio of 3). As a control, we could show that
PSM bilayers were almost completely solubilized by TX100 (Fig. 3).
In order to obtain some information about the gel phase formation by
3O-P-PSM or PSM in POPC bilayers, we added increasing amounts of the
SM analog to POPC bilayers and determined the composition at which a
gel phase appeared at 23 °C. Gel phase appearancewas determined from
increases in the intensity-based average lifetime of tPA [42]. Theﬂuid/gel
phase boundary for PSM in POPC at 23 °C is at about 30 mol% PSM
[43,44]. Our life-time analysis of tPA clearly indicated that the intensi-
ty-based average lifetime of tPA was markedly increased at 30 mol%
PSM in POPC (compared to lower PSM compositions; Fig. 4), indicating
the presence of a gel phase. In 3O-P-PSM bilayers, the presence of a gelFig. 3. Solubilization of bilayer membranes with Triton X-100 at 23 °C. Unilamellar ves-
icles were prepared by extrusion through 200 nm ﬁlters to a ﬁnal concentration of
0.25 mM. Triton X-100 was added from a 5 mM solution in 5 μl aliquots to the vesicle
solution with constant stirring, and the light scattering from vesicles was followed at
300 nm.phase was evident already above 5 mol% 3O-P-PSM (Fig. 4). Clearly, the
presence of a third acyl chain on PSMmarkedly increased the susceptibil-
ity to form a gel phase. We also interpret these data to suggest that mis-
cibility of POPC with 3O-P-PSM was lower than with PSM.
3.2. Interaction of cholesterol with 3O-P-PSM in bilayers
To study how cholesterol was able to interact with 3O-P-PSM, we
next performed a DSC study in which the effect of cholesterol on the
melting temperature (Tm) and enthalpy of 3O-P-PSMbilayerswas deter-
mined. The DSC thermograms for 3O-P-PSM bilayers containing up to
50 mol% cholesterol is shown in Fig. 5A. Cholesterol was observed to
lower the main transition temperature of 3O-P-PSM by up to 4 °C (at
20 mol%), but at higher cholesterol concentrations, the Tm started to in-
crease (Fig. 5B). The enthalpy decreased with cholesterol content and
was zero at 50 mol% cholesterol (Fig. 5C).
The effect of cholesterol on average acyl chain ordering of 3O-P-PSM
was measured from the steady-state anisotropy function of DPH in
mixed bilayers as a temperature function (Fig. 6). The Tm for 3O-P-PSM
bilayers as reported by DPH was about 54 °C, which is slightly less than
the valuemeasured using high-sensitivity DSC. The addition of increasing
amounts of cholesterol to the 3O-P-PSM bilayers destabilized the gel
phase (lower anisotropy at e.g., 30 °C, Fig. 6) and ordered the ﬂuid
phase (increased DPH anisotropy at e.g., 60 °C, Fig. 6). These results
agree qualitatively with the DSC analysis of the 3O-P-PSM/cholesterol
system (Fig. 5), showing that cholesterol is able to interfere with gel
phase packing of 3O-P-PSM and remove the cooperative transition, and
increase acyl chain order in the ﬂuid phase.
Cholesterol prefers to interact with PSM when given a choice be-
tween e.g., PSM and POPC [38,45]. This interaction leads to the formation
of sterol- and PSM-enriched ordered domains, the thermostability of
which can be examined using a CTL quenching assay [46]. CTL associated
with the PSM-rich domain and is partially protected against quenching
by 7SLPC residing in the POPC-rich phase. As the temperature is in-
creased, the ordered domains melt and the likelihood of CTL interacting
with 7SLPC increase, and hence the emission signal weakens. We pre-
pared ternary bilayers containing POPC (60 mol%), 3O-P-PSM (or PSM;
at 30 mol%), and cholesterol+CTL (9+1mol%), and determined the
formation of sterol-enriched ordered domains (Fig. 7). Both cholesterol
and CTL were able to interact with the saturated SM analogs and to
form ordered domains (Fig. 7). While the PSM-rich domain appeared to
have melted close to 40 °C (mid melting temperature about 30 °C; see
also [46]), the sterol- and 3O-P-PSM-enriched domains were slightly
more thermostable (mid melting temperature about 37 °C and end of
melting around 41 °C). The amount of sterol protected against quenching
(and thus associated with the ordered domains) appeared to be slightly
AB
C
Fig. 5. DSC analysis of the effects of cholesterol on the gel-to-liquid crystalline phase transition of 3O-P-PSM. Vesicles of 3O-P-PSM were prepared to contain increasing amounts of
cholesterol. Thermograms were acquired with a temperature gradient of 1 °C/min. The second heating scan is shown in panel A for each composition. Calculated Tm:s and enthalpies
are shown in panels B and C, respectively.
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with 3O-P-PSM compared to PSM under the examined conditions.
Since CTL (and cholesterol) appeared to be able to interactwith 3O-P-
PSM, we also prepared ternary bilayers containing POPC, 3O-P-PSM, and
CTL (80:20:2 by mole) and determined the bilayer partitioning coefﬁ-
cient (Kx) of the sterol. The out-of-bilayer acceptor was mβCD [38]. At
23 °C the Kx of CTL for pure POPC bilayers was close to 9, whereas
20 mol% PSM in the POPC bilayer increased the Kx to about 17 (Fig. 8).
These values are close to values published by us for similar bilayer com-
positions [26,38]. Replacement of PSM with 3O-P-PSM decreased the KxFig. 6. Steady-state anisotropy of DPH as a function of temperature and cholesterol. Ex-
periments were performed with multilamellar vesicles at a scan rate of 5 °C/min with a
lipid concentration of 50 μM and 1 mol% of DPH. The cholesterol content varied be-
tween 0 and 30 mol%. The graphs show representative data from reproducible
experiments.to about 11, indicating that CTL had markedly lower afﬁnity for bilayers
containing 3O-P-PSM compared to bilayers with PSM. The afﬁnity of CTL
for POPC/3O-P-PSM bilayers was, however, moderately higher than for
pure POPC bilayers, in agreement with the CTL quenching results
which showed that CTL (and cholesterol) could form ordered domains
with 3O-P-PSM in POPC bilayers (Fig. 7). At 37 °C basically similar rela-
tive afﬁnities were observed for POPC and POPC/PSM bilayers, although
the absolute Kx was lowered by the higher temperature. 3O-P-PSMFig. 7. Melting of ordered domains observed from the quenching of CTL ﬂuorescence.
The melting proﬁle is shown as the F(quenched)/F0(unquenched) ratio plotted versus
temperature. The F-sample consisted of POPC/7SLPC/SM/cholesterol/CTL
(30:30:30:9:1 mol%) and in the F0-sample 7SLPC was replaced with POPC. SM was ei-
ther 3O-P-PSM or PSM. The total lipid concentration was 50 μM and samples were
heated at 5 °C/min. The graphs show representative data from reproducible
experiments.
Fig. 8. CTL equilibrium partitioning into bilayer membranes. Partitioning of sterol into
unilamellar bilayer vesicles containing either POPC or POPC:SM analogs (4:1 molar
ratio) at 23 °C (open bar), or 37 °C (grayed bar) was determined as described in the ex-
perimental section. Each value is the average from 3 separate experiments±S.E.M.
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suggesting that 3O-P-PSM remained fairly ordered even at 37 °C (Fig. 8).4. Discussion
Many of the biologically relevant SM molecular species are highly
saturated and consequently bring high acyl chain order to their micro-
environment. The 3O-P-PSM analog is even more ordered because of
the third saturated acyl chain. This is shown by the markedly increased
main transition temperature of fully hydrated 3O-P-PSM as compared to
PSM (55.5 °C versus 40.4 °C, respectively – Fig. 1). We conclude that our
hydrated 3O-P-PSM is in a bilayer phase, and that themain transitionwe
measure is that of a gel-to-liquid crystalline transition, and not e.g., an
inverted hexagonal (HII) phase transition. First, because of the high en-
thalpy transition which is about 10 times more energetic than i.e., the
DPPE lamellar-to-HII transition [47]. Secondly, DPH anisotropy does
not detect the lamellar-to-HII transition [48]. Thirdly, extrusion of hy-
drated 3O-P-PSM through 100 nm pore size ﬁlters yield ~90 nm aggre-
gates or uniform size (data not shown). Both the increased melting
temperature, and the higher enthalpy of melting suggest that 3O-P-
PSM interactions are signiﬁcantly stabilized by both intra- and intermo-
lecular attractive van derWaals forces between saturated acyl chain seg-
ments. Intralipid interactions in 3O-P-PSM are likely to be different from
those in PSM, since the PSM3OH is no longer a hydrogen-donor in 3O-P-
PSM. Methylation of the 3OH in PSM has been shown tomarkedly affect
head-group dynamics [49], and similar effects would be expected also
for 3O-P-PSM. Acyl chain asymmetry would also not be expected to
markedly destabilize gel phase interactions [28], since both theO-linked
and the N-linked palmitoyl functions are only marginally longer than
the C18:1tΔ4 sphingosine long-chain base [50].
Themiscibility of 3O-P-PSM in PSM bilayers was not very good, as in-
dicated by the broad endothermswhich appeared to contain at least two
different components at each composition studied (Fig. 1). It is likely that
both the hydrophobic bulk of the third acyl chain in 3O-P-PSM, and the
fact that the hydrogen-bonding properties of the 3OH were compro-
mised, affected negatively on the miscibility properties of 3O-P-PSM in
PSM. Another factor which also could have inﬂuenced mixing behavior
in the gel phase was the markedly different hydration level of gel
phase 3O-P-PSM compared to gel-phase PSM, as revealed by c-laurdan
emission spectra (Fig. 2). This difference in interfacial hydration level is
likely to result in part from the difference in the ratio of the polar head
group size (which is identical for both analogs), to the interfacial area
covered by the hydrophobic part of the molecules (about 1/3 larger
area for 3O-P-PSM compared to PSM due to the additional acyl chain).
The size of the head group, relative to the interfacial area of the rest ofthe molecule, is known to markedly affect interlipid interactions [24]
and even cholesterol solubility in bilayers [51].
The bilayers formed by 3O-P-PSM were in gel-phase at 23 °C and at
this temperature they were highly resistant to detergent-induced solu-
bilization (Fig. 3). Addition of cholesterol to ﬂuidize the bilayers (at
30 mol%) did not markedly affect solubilization susceptibility. PSM
which also is a gel phase at 23 °C was solubilized by TX100 (Fig. 3),
and addition of cholesterol to PSM is known to reduce detergent solubi-
lization signiﬁcantly [35]. These results further imply that the gel phase
formed by 3O-P-PSM was highly ordered and tightly packed, in good
agreement with our DSC results (Fig. 1) and with the c-laurdan emis-
sion proﬁle from the gel phase vesicles (Fig. 2).
The highly gel-like nature of 3O-P-PSM bilayers, and the fact that
3O-P-PSM was poorly miscible with PSM, also suggest that this SM an-
alogwould form gel-like domains in ﬂuid bilayersmade e.g., fromPOPC.
By measuring the intensity-based average life-time of tPA at 23 °C [42],
we could actually demonstrate that 3O-P-PSM started to form gel-like
domains in POPC bilayers at a concentration above 5 mol% (Fig. 4).
PSM had to be present at above 30 mol% to result in gel phase forma-
tion, which is consistent with recent phase diagrams of PSM and POPC
[43,44]. This ﬁnding clearly shows that a third saturated acyl chain in
PSMmarkedly affected its interactions with ﬂuid phospholipids.
DSC analysis of fully hydrated binary bilayers made from 3O-P-PSM
and cholesterol showed that cholesterol was fully able to remove the
gel phase and hence the transition enthalpy in a concentration-
dependent manner (Fig. 5). Cholesterol has previously been shown to
transform gel-phase PSM [40] or saturated phosphatidylcholines [52]
into liquid-ordered phase. By measuring DPH anisotropy in binary bila-
yers, a similar effect of cholesterol on 3O-P-PSM could be deduced.
The gel-phase of 3O-P-PSM appeared to be destabilized in a cholesterol
concentration-dependent manner (Fig. 6), whereas the ﬂuid phase was
instead ordered by cholesterol. These results suggest that cholesterol
could interactwithﬂuid 3O-P-PSMand transform it into a liquid-ordered
state with some ﬂuidity but also high spatial order. Very similar results
have been seen for cholesterol on two chain phospholipids [26,36].
To better examine how cholesterol was able to interact with 3O-P-
PSM in complex bilayers inwhich also a ﬂuid phospholipidwas present,
we measured how 3O-P-PSM could form sterol-enriched ordered do-
mains in POPC-containing bilayers. The detection of sterol-enriched or-
dered domains was based on our CTL quenching assay [28,46]. 3O-P-
PSM formed CTL and cholesterol-enriched ordered domains which
were slightly more thermostable than those formed by PSM under sim-
ilar conditions (Fig. 7). However, the thermostability of sterol-enriched
3O-P-PSM domains was not proportional to the Tm of the pure 3O-P-
PSM transition, suggesting that POPC and sterols inﬂuenced 3O-P-PSM
domainmeltingmore than they did PSM domainmelting. It is currently
unclear why this would be the case, but the ﬁndingmay relate to differ-
ences in domain sizes. The delta F/F0 (the difference in F/F0 before and
after domain melting) was slightly smaller for 3O-P-PSM domains as
compared to PSM domains, suggesting that slightly less CTL associated
with the former domains. We have recently shown that delta F/F0 cor-
relates positively with the afﬁnity of CTL for bilayers containing the
domains-forming phospholipids [28]. The CTL quenching data show
that CTL and cholesterol were able to interact with 3O-P-PSM in
ﬂuid bilayers and form sterol-enriched domains. Not all saturated
phospholipids form such sterol-enriched domains. For example, when
the head group of PSM was made smaller (by removing one, two or
three methyl groups from the choline moiety), the SM analogs lost
their ability to associate favorably with cholesterol [24].
To determine the afﬁnity of CTL (and cholesterol) for ﬂuid bilayers
containing 3O-P-PSM, we measured the equilibrium partitioning coefﬁ-
cient using amethod recently developed in our laboratory [38,53]. The af-
ﬁnity of CTL (and cholesterol) for bilayers containing POPC and3O-P-PSM
was lower when compared to bilayers containing similar amounts of
POPC and PSM(Fig. 8). However, the afﬁnity for 3O-P-PSM-containing bi-
layers was higher than for POPC bilayers, showing again that sterols
2847C. Sergelius, J.P. Slotte / Biochimica et Biophysica Acta 1808 (2011) 2841–2848favored interacting with 3O-P-PSM when compared to POPC alone. The
lower afﬁnity of sterols for 3O-P-PSM containing bilayers (compared to
PSM containing bilayers) at 23 °Cwasmost likely affected to some extent
by the fact that 3O-P-PSM was in a gel state in the bilayers.
Both the CTL quenching and partitioning data show that 3O-P-PSM
is a weaker membrane solubilizer of sterol when compared to PSM.
This ﬁnding may arise from the fact that the phosphocholine head
group of 3O-P-PSM is not efﬁciently shielding (at least when compared
to PSM) cholesterol from interactingwithwater at themembrane inter-
face. The inefﬁciency could relate to the signiﬁcantly larger interfacial
area required by the three hydrophobic chains of 3O-P-PSM. For the
same reasons, it is also possible that membrane domains enriched
with 3O-P-PSMwould have a negative membrane curvature. Such cur-
vature stress could affect sterol association with phospholipids nega-
tively. Crowding of acyl chains in the bilayer would also be expected
to affect interactions with cholesterol [54], so the maximum solubility
of cholesterol in 3O-P-PSM bilayers would be expected to be lower
than in comparable PSM bilayers [55].
In conclusion, our data have demonstrated that 3O-P-PSM is a strong
order-creating membrane lipid which still can associate with mem-
brane sterols. The observation that 3O-acyl-SMs are present in newborn
mammals (and presumably in fetuses as well) but disappear shortly
after birth, suggest that such lipids may be of importance in processes
related to fetal development and maturation. In this regard, it is in-
teresting to note that mammalian brain, spleen and epidermis have
been shown to contain O-acylated glycosphingolipids, in which the
O-acylation occurred both on sugar hydroxyls as well as on the cera-
mide 3-OH [56]. It is not clear what role such three-chain glycosphin-
golipids may serve in the cells and tissues where they occur.Acknowledgements
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